We describe a new titanate mineral, haggertyite, from the Prairie Creek lamproite, Arkansas, U.S.A. The mineral was found exclusively within the reaction zones surrounding small mafic xenoliths in the lamproite. Haggertyite occurs as isolated platelets, typically 30-70 m maximum dimension, which often show hexagonal morphology. Associated minerals are diopside, olivine, phlogopite, Ti-K-richterite, chrome spinel, ilmenite, priderite, and jeppeite. Haggertyite has a magnetoplumbite-type structure. Typical microprobe analyses give (as wt% oxides) TiO 2 ϭ 36.5-41.6, FeO ϭ 39.4-42.9, MgO ϭ 0.7-3.6, BaO ϭ 9.5-10.5, K 2 O ϭ 1.3-1.5, Cr 2 O 3 ϭ 0.0-5.6, MnO ϭ 0.6-1.1, and NiO ϭ 0.1-0. (023), and 2.963 44% (110). In reflected light, haggertyite is pale gray, opaque, and without internal reflections. It is not discernably pleochroic or bireflectant, but it is weakly anisotropic in shades of dark brown. Quantitative specular reflectance measurements for Ro and ReЈ in air and in oil immersion, respectively, are: 470 nm, 17.3, 16.9, and 5.37, 5.13%; for 546 nm 16.8, 16.35, and 5.19, 4.90%; for 589 nm 16.9, 16.3, and 5.29, 4.92%; and for 650 nm 17.1, 16.4, and 5.42, 5.00%. VHN 50 ϭ 500, with a range of five indentations ϭ 460-540. The mineral is named for Stephen E. Haggerty in honor of his contributions to the mineralogy and crystal chemistry of uppermantle titanate minerals.
INTRODUCTION
The Prairie Creek lamproite in Arkansas, U.S.A., has been mined for diamonds and thus is likely to be an important provenance for minerals that provide information on metasomatic reactions in the upper mantle (Mitchell 1985) . Titanates are important minerals in this regard because Ti is considered to be introduced metasomatically from deeper regions of the upper mantle along with elements such as Ba and K, and these may react with chromian spinels and other residual minerals to form complex titanates that reflect prevailing P-T-X (pressure/temperature/composition) conditions (Haggerty et al. 1986 ).
The new mineral described here was identified in thin sections during the course of a study of minerals from the Prairie Creek lamproite. Electron microprobe analyses on the mineral showed that it was a Ba-Fe titanate containing minor amounts of Mg and K and having a [BaϩK] (Dong et al. 1983 ) and hawthorneite, Ba[Ti 3 Cr 4 Fe 4 Mg]O 19 , (Haggerty et al. 1989) . It differs from the latter two chromium-rich minerals in that it contains only about 1 wt% Cr 2 O 3 . A singlecrystal structure determination was carried out, which confirmed that the mineral has a magnetoplumbite-type (Adelskold 1938) structure.
Haggertyite is named for Stephen E. Haggerty, Department of Geology, University of Massachusetts, in recognition of his important contributions to the understanding of the mineralogy and crystal chemistry of titanate minerals from the Earth's mantle. The mineral and the name haggertyite have been approved by the International Mineralogical Association, Commission on New Minerals and New Mineral Names. Type material is deposited at The Natural History Museum, London, as BM 1997,14 , at the University of Massachusetts, Department of Geology (Amherst), and at the Smithsonian Institution, Washington, D.C. 
OCCURRENCE
Haggertyite was found in several specimens from the Prairie Creek lamproite, previously described as a hypabyssal mica peridotite, collected within the boundaries of the Crater of Diamonds State Park, Arkansas, U.S.A. The outcrop is located near the town of Murfreesboro in Pike County. The geology of the area and the petrology of the rocks present have been described by Mullen and Murphy (1985) . A feature of the lamproite is the common occurrence of small (Ͻ2 cm) rounded mafic xenolithic rocks. The xenoliths are surrounded by thin (2-3 mm), zoned reaction rims composed mainly of Ti-K richterite, diopside, and phlogopite. The reaction zones are characterized by the absence of perovskite, which is a common accessory mineral in the lamproite. Haggertyite occurs as isolated crystals or in small groups within the reaction zones. The associated minerals are Ti-K richterite, diopside, chrome-spinel, olivine (altered), ilmenite, jeppeite, and priderite. A backscattered electron image showing an hexagonal crystal of haggertyite and associated minerals is shown in Figure 1 .
PHYSICAL AND OPTICAL PROPERTIES
Haggertyite is opaque with a metallic luster. Its crystals occur as thin platelets, occasionally exhibiting an hexagonal morphology. The forms of crystals excavated from thin sections are {001} and {100}. The maximum crystal size observed was about 100 m. The crystals have irregular to conchoidal fracture. Measurements of VHN 50 using a Leitz Durimet instrument gave values in the range 460 to 540 on three different crystals, with a mean of 500 from five indentations. All of the measurable indentations were perfect but irregularly fractured outward from their corners. The VHN values may be underestimated because they were made on grains in a polished thin section and the depth of the indentations were 10-12 m compared to the thin section thickness of 30 m. The hardness of haggertyite is lower than the mean VHN 100 for hawthorneite of 801 (Haggerty et al. 1989 ) but higher than that reported by Dong et al. (1983) for yimengite, VHN 25 ϭ 273. Approximate Mohs hardness equivalents are haggertyite ϭ 5, hawthorneite ϭ 6, and yimengite ϭ 4.
In plane-polarized reflected light, haggertyite is an undistinguished light gray, similar in reflectance to coexisting priderite (K,Ba) (Ti,Fe 3ϩ ) 8 O 16 . Haggertyite is not noticeably bireflectant; neither is it pleochroic, but between crossed polars some grains are just perceptibly anisotropic, with dark-brown rotation colors or tints. No internal reflections were observed. Three grains of haggertyite in polished thin section were selected for reflectance measurement. Two were sensibly isotropic and the other one was very weakly bireflectant and anisotropic. The specular reflectance values were measured in the visible spectrum from 400 to 700 nm with a Zeiss MPM 800 microscope-spectrophotometer. Measurements were made relative to an SiC reflectance standard (Zeiss, 472), in air FIGURE 2. Reflectance curves for (1) haggertyite, (2) hawthorneite (Haggerty et al. 1989) , and (3) yimengite (Dong et al. 1983) , as indicated in the inset. and in an immersion oil (Zeiss, ND ϭ 1.515), with ϫ50, N.A. 0.8, Epiplan Neofluar objectives that were adjusted to provide effective numerical apertures of 0.3. The diameter of the measured area (disc) for each grain was 8 m. In Table 1 1 , where the values for the bireflectant grain are quoted, Ro is assigned to the reflectance spectrum from the anisotropic grain that matches those from the isotropic grains.
Reflectance data for haggertyite are presented in Figure  2 , which also includes those for hawthorneite (Haggerty et al. 1989) , and yimengite (Dong et al. 1983) . It is apparent that so far as the visible spectrum is concerned, the only difference between hawthorneite and haggertyite is that the latter is more weakly bireflectant, particularly at the shorter wavelengths. The data for one of the vibration directions for yimengite, R1, is similar to those for the other two minerals, but the data for the other reflecting direction, R2, are inconsistent with data for haggertyite and hawthorneite. The reflectance spectra were used to derive the optical constants at each wavelength from the Fresnel and Koenigsberger equations (Criddle 1990 ). The former, assuming the absorption to be zero, gave refractive indices at 590 nm for the air reflectances of 2.35-2.40, and 2.38-2.42 for the oil reflectances. These values are almost certainly too high, given the fact that the mineral is not transparent. On this basis, the refractive indices of 2.30 and 2.33 with corresponding absorption coefficients of 0.33 and 0.34 as calculated using the Koenigs-berger equations, are more realistic. These compare favorably with the mean refractive index calculated using the Gladstone-Dale relations (from the unit-cell composition and calculated density) of 2.30. For the Compatibility Index (Mandarino 1981) , the match qualifies as ''superior'' when absorption is assumed, and ''good'' when using the values appropriate to zero absorption.
CHEMICAL COMPOSITION
Wavelength-dispersive electron microprobe data for haggertyite were collected using a Cameca SX-50 instrument, operated at 15 kV and 20 nA. The standards used were MnTiO 3 (TiK␣, MnK␣), Fe 2 O 3 (FeK␣), natural diopside (MgK␣, SiK␣), NiO (NiK␣), barite (BaL␣), orthoclase (KK␣), and Cr 2 O 3 (CrK␣). The range of weight percent values as oxides, their mean values, and their standard deviations from 56 analyses on several crystals from four thin sections are reported in Table 2 . Also given in Table 2 
X-RAY CRYSTALLOGRAPHY
X-ray precession photographs indicated that crystals of haggertyite that were excavated from thin sections were untwinned and gave sharp diffraction patterns. They displayed hexagonal symmetry with approximate cell dimensions a ϭ 5.9 and c ϭ 23.3 Å . The systematic ex- 
͗M (5) (Grey et al. 1987) . † e, c, f refer to edge-, corner-and face-sharing of polyhedra.
tinctions were consistent with space groups P6 3 /mmc, P6 3 mc, and P 2c. The cell dimensions, symmetry, and 6 intensity distribution of (00l) reflections were consistent with haggertyite being isostructural with hawthorneite (Haggerty et al. 1989) , both possessing the magnetoplumbite structure.
An hexagonal platelet measuring 0.09 ϫ 0.06 ϫ 0.015 mm was used for the data collection. The crystal used is shown in Figure 1 . Initially a data set was collected using a Siemen's AED diffractometer. However, due to the very small crystal size, poor counting statistics resulted and over one-third of the reflections were rejected on a 4 Fo basis. The data were then re-collected on a Nonius Kappa CCD diffractometer. MoK␣ radiation was employed at 50 kV and 40 mA. The crystal-to-detector distance was 25 mm. Unit-cell dimensions were refined from data collected on 70 frames obtained by rotating around in 1 Њ steps, a ϭ 5.9369(1) Å , c ϭ 23.3445(6) Å . A full sphere of data was collected out to 2 ϭ 52 Њ by rotating 360 Њ around . Two images were collected at each 1 Њ interval with a counting time of 70 s per image. A total of 11636 partial reflections were collected that were processed to give 387 unique reflections, with an R int (on ⌱) of 0.058 and a refined mosaicity of 0.455(2). Of the 387 reflections, 339 were considered observed, with F o Ͼ . Ap-4 Fo plication of an analytical absorption correction, based on indexing of the crystal faces (Sheldrick 1976) , gave minimum and maximum transmission factors of 0.51 and 0.78, respectively ( ϭ 11.2 mm Ϫ1 ). A satisfactory refinement of the data was made on the basis that haggertyite had a magnetoplumbite-type structure. The refined coordinates for hawthorneite (Grey et al. 1987 ) in space group P6 3 /mmc were used as starting values, and published data on site occupancies in hawthorneite and other magnetoplumbite-type structures were used to make initial cation site assignments. The expected ordering of magnesium (with ferrous iron) in the tetrahedral site M(3) of the spinel block gave a relatively high residual, R 1 ϭ 0.063 and a low isotropic displacement parameter for M(3). From different refinements it was found that the best fit to the data was obtained with a statistical distribution of the magnesium over the five M atom sites. In the final refinement the Fe/Ti occupancies at each of the M sites were released. Refinement on F 2 of 30 coordinates, site occupancies, and isotropic displacement parameters converged at R 1 ϭ 0.037 and wR 2 ϭ 0.09 for all data and R 1 ϭ 0.034 for the 339 reflections with F o Ͼ . A difference Fourier map showed no un-4 Fo usual features. The largest peak, 0.6 e/Å 3 , was 1.1 Å from O(2). The refinements were made using SHELX-93 (Sheldrick 1993) . Final coordinates and isotropic displacement parameters are given in Table 3 . Polyhedral bond lengths and angles are reported in Table 4 . The minute quantity of tiny crystals of haggertyite limited the quality of the powder pattern for the mineral. Instead, the refined structural parameters were used in the Rietveld program SR5 (Hill and Howard 1986) to generate a calculated powder pattern for haggertyite, and this is presented in Table 5 . The observed and calculated structure factors are presented in Table 6 1 .
DISCUSSION

Description of the structure
Haggertyite is isostructural with the magnetoplumbitetype phases hawthorneite and yimengite. A polyhedral representation of the structure, with atom labeling, is shown in Figure 3 . It is based on a closest-packed anion framework with small cations distributed over five independent octahedral and tetrahedral sites. The anion layers are parallel to (001), and have a mixed-layer stacking sequence given by (cchhЈhcchhЈh...) where c and h symbolize cubic and hexagonal stacking. The hЈ layers have one quarter of the O atoms substituted by the large A cations (Ba and K), giving layers of composition AO 3 .
The magnetoplumbite structure is commonly described in terms of intergrowth of (001) slabs of R-blocks and Sblocks (Obradors et al. 1985) , according to the scheme RSR*S*. . . The * symbol indicates that the block has The R-block involves three hexagonal-stacked anion layers and has the composition AM(2)M(4) 2 M(5) 6/2 O 11 ϵ AM 6 O 11 . The R-block is a common structure element in many hexagonal barium ferrites and exists independently in BaFe 4 Ti 2 O 11 (Obradors et al. 1983 ). In the R-block, M(4) and M(5) are octahedrally coordinated. Pairs of M(4) octahedra share a common face in the BaO 3 layers that lie on mirror planes at z ϭ Ϯ1/4. The BaO 3 layer with the associated pairs of face-shared octahedra, M(4) 2 O 9 , represents an element of hexagonal BaTiO 3 (Burbank and Evans 1948) .
The M(2) cations in the R-block are statistically distributed, with 50% occupancy, over pairs of tetrahedral sites that share a common face in the mirror plane. If M(2) occupied the site (0, 0, 1/4) in the mirror plane it would have trigonal bipyramidal coordination to five O atoms. However, numerous structure refinements for magnetoplumbite-type phases have shown that the M(2) cations are displaced from the mirror plane along [001] by typically 0.1 to 0.2 Å into the adjacent tetrahedral sites, giving 4 ϩ 1 coordination (Graetsch and Gebert 1996) . In haggertyite, M(2) is displaced 0.200(3) Å from the mirror plane, which is significantly greater than in hawthorneite, 0.164(7) Å (Grey et al. 1987 ). This displacement gives three basal M(2)-O(3) distances of 1.904(5) Å , and an apical M(2)-O(1) distance of 2.080(7), plus a fifth coordinated O atom at a longer M(2)-O(1) distance of 2.480(7) Å .
The nature (dynamical or static disorder) and energetic origin of the displaced M(2) atom has been the subject of much conjecture in the literature. Mossbauer data for BaFe 12 O 19 has been interpreted in terms of dynamical disorder, at least at temperatures above 75 K (Kreber et al. 1975; Obradors et al. 1985) . Electrostatic factors favor an undisplaced M(2) atom with trigonal bipyramidal coordination. Graetsch and Gebert (1996) have proposed that this is prevented by electronic repulsion between M(2) and the basal-plane O(3) O atoms. Another possible contributing factor is the role of metal-metal non-bonded repulsions, particularly those involving the large A atoms for which closed-shell electronic repulsions can be important. From Table 4 , the shortest metal-metal distance involving the A atom is to M(2). The A-M(2) distance of 3.433(2) Å is shorter than in BaM alloys such as BaZn (Ba-Zn ϭ 3.54 Å ). Displacement of M(2) along [001] increases its separation from A, and at the same time it increases the shielding of electrostatic forces between A and M(2) by the intervening O atoms. Non-bonding metal-metal repulsions also appear to play a role in the Sblock. Valence sum calculations for S-block metal atom sites in magnetoplumbite structures show that the octahedral site M(1) is oversaturated and the tetrahedral site M(3) is undersaturated (e.g., see Table IV in Obradors et al. 1985) . The effect is more pronounced in aluminates than in ferrites. Wagner and O'Keeffe (1988) have attributed long tetrahedral Al-O bond lengths in the S-blocks of ␤-aluminas and magnetoplumbites to non-bonded AlAl repulsions.
The calculated number of titanium atoms per formula unit (apfu) from the refined site occupancies (Table 3) (Graetsch and Gebert 1995) . Their calculations of the Madelung part of the lattice energy showed that ordering of the tetravalent cation in the face-shared octahedral site M(4) and of the divalent cation in the tetrahedral site M(3) are electrostatically favored. Comparison of the average bond lengths for the different metal atom sites in haggertyite with those for hawthorneite (given in parentheses in Table 4 ) suggests that Fe 2ϩ is predominantly ordered in the tetrahedral site M(3) and the octahedral site M(4). A more quantitative evaluation of cation ordering using valence sum calculations is not warranted because the many species (Fe 2ϩ , Fe 3ϩ , Ti, and Mg) allows many possible solutions. The mixing of cations having significantly different sizes and valence states at the metal atom sites in haggertyite is reflected in large atomic displacement parameters shown in Table 3 . Graetsch and Gebert (1995) noted similar elevated atomic displacement parameters in SrTi 6 Co 6 O 19 compared to those in magnetoplumbite-type compounds containing only trivalent small cations.
Related minerals and paragenesis
The compositional distinctions between the minerals haggertyite, hawthorneite, and yimingite are readily seen by comparing their simplified formulae; hagger tyite, Ba [Ti 5 3 . In hawthorneite the Cr is ordered in the octahedral sites M(1) and M(5) (Grey et al. 1987 ) whereas in haggertyite these sites are occupied by predominantly Fe ϩ Ti. The justification for the two different mineral names is based on the different dominant cations in these crystallographic sites. The substitution 2Cr 3ϩ ↔ Fe 2ϩ ϩTi 4ϩ is reflected in the relatively large (3.5%) increase in cell volume from hawthorneite to haggertyite. It also is reflected in compositional zoning in individual haggertyite crystals as detected by electron microprobe analyses, with chromium contents decreasing toward the rims of crystals. The chromium content of both haggertyite and priderite is low, despite the close association with chrome-spinel, and this indicates metasomatic conditions different to those that gave rise to the hawthorneite-bearing xenoliths (Haggerty et al. 1989 ) in kimberlite pipes in South Africa or to yimengite from kimberlitic rocks in Venezuela (Nixon and Condliffe 1989) .
Haggertyite was found exclusively within the reaction zones separating mafic xenoliths and the lamproite proper.
In comparison with the lamproite the xenoliths are Siand Fe-rich, and it is considered that these elements were supplied to the reaction zone, while Ba and Ti were derived from the lamproite. A distinct feature of the reaction zones is that they contain no perovskite, although this is an ubiquitous accessory mineral in the lamproite. Decomposition of perovskite (in the presence of silica) could provide the Ti source for haggertyite, with the Ca reacting to form diopside, which commonly rings the xenolith core (as described also by Mitchell and Lewis 1983) . Cr-spinel and haggertyite are commonly found in close spatial association in the reaction zones (e.g., Fig. 1 ). In one instance a small (Ͻ10 m) rounded low-Cr spinel (ϳ20 wt% Cr 2 O 3 ) grain was found within haggertyite, consistent with a reaction similar to that of Haggerty et al. (1989) . It is not certain if this reaction mechanism can be extended to all subhedral homogeneous haggertyite crystals. A study of the mineralogy and paragenesis of the xenolith reaction zones in the Prairie Creek lamproite is currently being undertaken and a more detailed presentation will be separately reported (Velde, in preparation).
